Microstructural evolution of lead lanthanum zirconate titanate (PLZT) ceramics caused by diffusion of the Mn ion was observed. Specimens with layered structures were fabricated by copressing a PLZT powder (9/65/35) doped with Mn and same PLZT powder without the dopant. When the copressed specimen was sintered at 1200°C in air, the Mn ion diffused out of the doped region. The region originally containing the Mn ions was totally free of pores while all other regions remained porous. The formation of lattice vacancies, as a result of Mn diffusion, was attributed to the enhanced material transport and the resultant rapid densification.
I. Introduction
L EAD LANTHANUM ZIRCONATE TITANATE (PLZT) ceramics are well-known materials in versatile electrooptic applications, such as digital light modulators and large-aperture light shutters. 1 For these applications, high density (Ͼ99.9%) is a prerequisite, because even a small pore content causes serious light scatter. Thus, the sintering behavior of PLZT ceramic is important and has been widely investigated. [2] [3] [4] Recently, we observed that the microstructure of PLZT sintered in air was not homogeneous. 5 The outer regions of specimens were completely dense while the inner regions remianed porous after sintering in air at 1200°C for 8 h. The dense outer layer became thicker with increasing sintering time or oxygen partial pressure in the ambient gas. The formation of oxygen vacancies caused by the evaporation of PbO is believed to have generated this nonuniform microstructure. The evaporation of PbO generates lattice vacancies near the surface as follows:
Such vacancies expedite material transport and consequently lead to a full densification of the body. Therefore, the densification always initiates from the surface and proceeds into the body of the material with sintering time.
In the present experiment, we confirmed this densification process by simulating the vacancy structure in the material. Specimens with a layered structure were prepared by copressing a PLZT powder doped with Mn and pure PLZT powder into a disk shape. It was expected that when such specimens are sintered in air, the Mn ions in the doped region would diffuse into the undoped region to increase the cation vacancy concentration in the vicinity of the interface. The effect of increased vacancy sites on the microstructural evolution of the specimen was observed and compared with the case of pure PLZT sintered in air. 5, 10, 11 
II. Experimental Procedure
High-purity PbO, La 2 O 3 , MnO 2 (99.9% purity, Aldrich Chemicals, Milwaukee, WI), ZrO 2 (99%, Kanto Chemicals Co. Inc., Tokyo, Japan), and TiO 2 (99%, Junsei Chemicals Co. Inc., Milwaukee, WI) powders were used to prepare the PLZT and Mn-doped PLZT ceramics. The raw materials were weighed according to the formula Pb 1Ϫx La x (Zr 1Ϫy Ti y ) 1Ϫx/4 O 3 with x ϭ 0.09 and y ϭ 0.65, and 0.1, 0.5, 1, and 2 wt% of MnO 2 were added. If the valence state of the Mn ion is assumed to be ϩ3, these correspond to 0.379, 1.876, 3.701, and 7.216 mol% of B-site substitutions.
The starting powder mixtures were ball-milled for 6 h using high-purity zirconia balls and ethanol as media. After drying, the mixture was calcined in a sealed alumina crucible at 900°C for 2 h in air. The calcined powders were crushed in a high-purity alumina mortar and pestle, and subsequently ballmilled again for 18 h.
The resultant powders were copressed into 10 or 15 mm diameter pellets, and then isostatically pressed at 100 MPa. The pressed pellets were sintered in a doubly sealed alumina crucible in air at 1200°C for 8 h with PbZrO 3 as an atmospheric powder to minimize PbO loss during sintering. After sintering, the specimens were slightly bent because of differential shrinkage between the undoped and the Mn-doped parts during the sintering process, but no cracking occurred at the interface.
The microstructure of the specimens was observed with an optical microscope and a scanning electron microscope (SEM, JSM-5600, JEOL Technics, Tokyo, Japan) after cutting and polishing with diamond paste down to 1 m. The composition of the sintered body was analyzed using an electron probe X-ray micro-analyzer (EPMA, JXA-8900R, JEOL Technics, Tokyo, Japan).
III. Results and Discussion
Optical micrographs of the specimens sintered in air at 1200°C for 8 h are shown in Figs. 1. The interfacial region was found to be almost fully dense while the other regions remained porous, as shown in Fig. 1(A) . The platinum marker indicates that the dense region was on the Mn-doped side. To exclude surface effects, the Mn-doped powder was enclosed in the undoped powder and sintered under the same conditions, as shown in Fig. 1(B) . The formation of a dense region on the Mn-doped side near the interface is clearly observed in the micrograph.
The composition of the specimen was monitored across the interface by EPMA, as shown in Fig. 2 . Mn ions were detected in the undoped region as well as in the doped region, indicating that the Mn ions diffused into that region during sintering. On the other hand, the Mn concentration of the doped region near the interface was lower than the amount originally added. When Mn ions diffuse out, the inverse of reaction (3.1) or (3.2) occurs, and lattice vacancies are formed at the cation sites. Until the final stage of sintering, the lattice vacancies have no significant influence on the microstructural evolution of the PLZT. Other factors, such as an excess of PbO or the average particle size have a more profound influence. However, at the final stage of sintering, if lattice vacancies are formed either by PbO evaporation or by the diffusion of the ions, the densification process is accelerated. The thickness of the dense layer was found to be proportional to the concentration of Mn ions in the doped region, as shown in Fig.  3 . With increased doping level, lattice vacancies are formed in a wider region, as a result of the enhanced driving force for diffusion. These results support the notion that the outward diffusion of Mn ions speeds up the densification processes by forming lattice vacancies.
SEM micrographs of the fracture surface in various regions are shown in Figs. 4 . Like the density, the fracture pattern was different depending on the region of the specimen. In the porous regions (undoped region or Mn-doped region far from the interface), a transgranular fracture occurred, as shown in Figs. 4(A) and (C). However, in the dense region from which the Mn diffused out, the fracture proceeded in an intergranular pattern as illustrated by Fig. 4(B) . The grain sizes are apparently not very different from one another, as shown in the micrographs. Therefore, the variation in the fracture mode is deemed to be related to the difference in the grain boundary characteristics induced by Mn-ion diffusion. To elucidate the difference in the grain boundary composition, further analyses are under way.
The effect of lattice vacancies on the densification process is additive. This effect is well illustrated in the micrograph of the interfacial region shown in Fig. 5 . On the surface of the undoped region, a dense layer of uniform thickness was formed, as a result of PbO evaporation. The thickness of the dense layer at the interfacial region was also uniform. However, the dense layer on the surface of the doped region was much thicker than that found in other regions, as shown in Fig. 5 . In this region, the lattice vacancies were abundant because of the combined effects of PbO evaporation and Mn-ion diffusion.
IV. Summary and Conclusions
Undoped and Mn-doped PLZT powders were copressed into layer-structured pellets, and when these pellets were sintered in air at 1200°C, the densification rate was not uniform. At the Mndoped region near the interface, densification occurred quicker than in the other regions. Formation of lattice vacancies, as a result 
